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Abstract:  In order to select the suitable Photomultiplier Tubes (PMTs) for the LHAASO project, specialized test 
systems are set up to measure the performances of different kinds of PMTs from Hamamatsu and Electron Tubes (ET), 
such as gain as a function of high voltage, linearity, single photoelectron spectrum, dark noise and cathode uniformity. 
Several types of PMTs are chosen as the candidates for the projected LHAASO detectors. In this presentation, the 
PMTs for LHAASO-KM2A and LHAASO-WCDA are reported. 
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1 Introduction
         

The Large High Altitude Air Shower Observatory 
(LHAASO) is a compound detector array aiming at 
achieving the accurate observation of gamma ray from 
40 GeV to 1 PeV and cosmic ray from 10 TeV to 1 EeV. 
It distributes in a kilometer square area at Yangbajing 
(YBJ) International Cosmic Ray Observatory [1-3].  

LHAASO consists of 1 km2 extensive air shower 
array (KM2A) with 40,000 m2 muon detectors, 90,000 
m2 water Cherenkov detector array (WCDA), 5,000 m2 
shower core detector array (SCDA) and a wide field of 
view air Cherenkov / fluorescence telescope array 
(WFCTA). Thousands of photo-multiplier tubes (PMTs), 
with diameters of 1 inch, 1.5 inches for LHAASO and 8 
inches for WCDA, will act as the photon converter for 
the above detectors. So PMT selection becomes an 
important issue of the project. 

  
2 Specification of the LHAASO 

PMTs 

Time measurement with accuracy of 1-2 ns is a key 
requirement for LHAASO PMTs, for which only PMTs 
with fast rise-time and narrow transit time spread (TTS) 
are to be considered, while linearity better than 5% in 3.6 
orders of magnitude becomes the most important factor 
during PMT selection. For the 1 and 1.5-inch PMTs, the 
required dynamic range is 15-60,000 photo-electrons 
(PEs), while the 8-inch PMT should reach a dynamic 
range of 1-4000 PEs. WFCTA requires the 1-inch PMT's 
linearity is 2% @ 30mA.  
        Charge of PMT signal varies when the light 
incidents to different position of the PMT cathode. For 

LHAASO-KM2A, a photocathode uniformity of better 
than 20% is required for PMTs. While for WCDA, we 
don't care this issue very much if the difference between 
PMTs is less than 10%. Furthermore the geomagnetic 
effect is also considered for both KM2A and WCDA. 
 
3 Tests of PMTs 
 

Four types of PMTs, Hamamatsu R11102, 
ET9903kB and Hamamatsu R1924A for KM2A, 
Hamamatsu R5902 for WCDA, are first chosen as the 
candidates. A variety of tests are carried out. 

3.1 Single photoelectron  spectrum 

        In order to obtain the absolute gain of each 
candidate PMT, single photoelectron (SPE) spectrum is 
measured by using an LED as the light source driven by 
a pulse generator, which provides a trigger signal to the 
data acquisition system as well. The signal shape is 
sampled by FADC with the data analyzed in a FPGA 
providing the charge of the signal. In general, the number 
of PEs (Npe) generated on the photocathode follows the 
Poisson distribution  
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The light intensity is controlled thus the probability of 
seeing signals is about 10%, so P(0)=0.9, P(1)=0.095, 
and the probability of seeing more than 1 PE is 0.5% [4], 
i.e., about 0.5% contamination of events caused by 2 or 
more PEs in SPE spectrum. 
        Figure 1 shows the SPE spectrum of an 8-inch 
Hamamastu R5912, from which the corresponding PMT 
gain is obtained. Then the high voltage response is 

Vol. 4, 342



BIN ZHOU ET AL.  SELECTION OF PHOTOMULTIPLIER TUBES FOR THE LHAASO PROJECT 

measured to calculate the beta value (amplification-
voltage coefficient), from which the working high 
voltage with the required gain is obtained. 

 
Figure 1. An example of single photoelectron spectrum 
for the 8-inch PMT. 
 
3.2 Linearity 

        The non-linearity of PMT is usually caused by space 
charge effect at the last dynodes when the current is very 
high. In order to measure the linearity of PMT, two 
different methods are adopted. 
  
3.2.1 Test for PMTs of KM2A 
 

For KM2A PMTs, the distance between the LED 
light source and the PMT is varying, equivalent to 
change the number of photons the PMT accepted. The 
LED light intensity is maintained stable during the test. 
Because this is a large range, we use special methods to 
achieve the goal.  
1) Testing system: The light source is a LED light tube 
with 2 layers of Teflon at the front end. Teflon plays a 
role in making the light more uniform. The HV of PMT 
is supplied by high voltage module. An oscilloscope 
(OSC) is used to take the PMT anode output signal data 
with 512 moving average. The signal generator provides 
a TTL trigger signal to OSC and a synchronized LED 
pulse.  In the dark box, there is a sliding rail which is 3 
meters long. PMT is fixed on the rail, and the light tube 
can slide on it. The testing system is shown in figure 2. 
 

 

Figure 2. Linearity testing system  
 

2) Measuring method: when the d (distance between light 
tube and PMT) is longer than 30 cm, the light source can 
regard as a point. In this way, 
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Where I is the light intensity. When d is shorter than 30 
cm, the 1/d2 model above is not suitable. Since the light 
source (V, 1W) is not strong enough for us to measure the 
large signal if d>30cm, short distances measurements 
should be taken.  So we calibrate the light intensity of 
every position in PMT linearity region.  
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Where A is PMT anode output charge. Because the 
length of the dark box is limited, we cannot measure the 
signal with the large range of 3.6 magnitudes at only one 
light intensity. So we choose two different light 
intensities, and use their ratio (for example 12.5:1) to 
combine them. The ratio should not be too large to get 
some points of overlap, and should not be too small to 
reach the linearity region.   
3) Testing results: one of linearity testing results is shown 
in figure 3. And the results of three 1-1.5-inch PMTs can 
be seen at Table 1. 
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Figure 3. Linearity of R11102. In the top picture, x axis is 
relative light intensity and y axis is the measuring value. 
In the middle one, x axis is PMT anode output charge 
number, y axis is the percentage of nonlinearity. In the 
bottom picture, x axis is the cathode photoelectron 
number, y axis is the nonlinearity. 
 
3.2.2 Test for PMTs of WCDA 
 

For WCDA 8-inch PMTs, the so-called AB method 
is used [5], where an array of two LEDs, LA and LB, are 
deployed, acting as the light sources, shining lights to the 
PMT in testing. These two LEDs can be lit individually 
or both together at the same time, while the charge of the 
PMT pulse is  measured, marked with QA, QB and QC for 
cases of LA, LB and both together, respectively.  During 
the test, these two LEDs are pulsed to have almost same 
intensity. Then, the nonlinearity is defined as the 
following: 

Nonlinearity = [QC - (QA + QB)] / (QA + QB). 
Tests show that the non-linearity of all the 8-inch 

PMTs exceed 5% when Npe>700, which do not meet the 
dynamic range requirement. In order to solve this 
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problem, a way using dynode readout to enlarge the 
dynamic range is in study. 
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3.3 Photocathode Uniformity 

The non-uniformity of PMT anode output signal 
when the light incidents to different position of PMT 
cathode is probably caused by 

� The distribution of cathode material is not uniform; 
� Focusing electrode structure and electric field in 

PMT distribution lead to difference of photoelectron 
collection efficiency; 

� Geomagnetic effect; 
Experimentally, we measure the anode output 

signal's uniformity when LED vertically incidents on 
cathode's different position. LED is controlled by a 
stepping motor (e.g., figure 4), 1mm each step and cover 
the area of 4*4 cm2 [6]. Charge value of anode signal of 
each step is recorded. The scan results of three types 
PMT are shown in figure 5. From the picture, different 
types of PMTs have different uniformity distributing 
character. It has direct correlation on the electric field 
distribution between cathode and the first dynode. PMT 
is rotated to three angles on horizontal direction, and the 
geomagnetic effect is ruled out. In conclusion, the 
uniformity distributing character is determined by the 
inner structure of PMT. In consideration of the 
characteristic of scintillator detectors, the coupled area of 
fiber hank and PMT cathode is a roundness area (radius 
13mm) in the centre of cathode. Therefore, we pay more 
attention on the variety of anode output amplitude of 
different type PMT in this area. The value of uniformity 
is calculated as mean/RMS which can be obtained from 
the distribution of the charge of PMT anode output. And 
the results are shown in Table 1. We can see R11102 has 
lowest non-uniformity.  The maximum difference of 
signals’ mean values at different positions of 8-inch 
PMT’s photocathode is about 32%. 

Figure 5. Result of two-dimension scanning of 9903kB, 
as an example.

Dark noise rate 

In the dark noise rate measurement, HV is on, but 
LED off. The dark noise rates for each PMT at different 
thresholds can be measured after the signal is amplified 
and discriminated. The dark noise rate of an 8-inch PMT 
is shown in figure 6. 

 

 

 

Figure 6. Dark noise rates of different thresholds for a 8-
inch PMT. 
 
3.4 The effect of the geomagnetic field of 

PMT

The test method is as follows: A pulsed and 
uniformed blue LED is used to shine on the photocathode 
of the PMT. The PMT is placed with the photocathode 
facing upward; the PMT and LED are rotated together in 
30 degree steps. The LED intensity is kept constant 
during the whole rotating process. The 0 degree means 
that a special pin on the PMT (e.g., pin 20 for the PMT 
R5912) is pointing to the local magnetic north. The PMT 
is rotated anticlockwise (towards west). The test result 
for an 8-inch PMT is shown in figure 7. It shows that the 
maximum variety of photoelectron collection efficiency 
was up to ~31% at different orientations, with the 
maximum appeared at the direction of ~110�.  

Figure 4. Picture of the testing system. The stepping 
motor can move in two dimensions. The light tube is on 
top and perpendicular to the PMT cathode. 
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Figure 7. The effect of the geomagnetic field of an 8-inch  
PMT.  
 
4 Results and discussions 

4.1 KM2A PMTs 
 

KM2A electromagnetic particle detectors (EDs) [7] 
will use about 5137 PMTs. We have performed the tests 
above on the 3 candidates PMTs to determine their 
suitability for the EDs. The test results of the three 
candidates are shown in Table 1. Both candidate R11102 
and ET9903kB PMTs have good linearity to satisfy our 
requirement. The non-uniformity of R11102 and 
ET9903kB are both less than 20%, but R11102 is better.  

 
4.2 WCDA PMTs 

For WCDA, an engineering array has been 
established at YBJ [8], where nine 8-inch Hamamastu 
PMTs are deployed. The test results of the nine 

Hamamastu 8-inch R5912 PMT is shown in Table 2. A 
new measurement of these nine PMTs located in the 
pond at YBJ gives similar results. We get the conclusion 
that all of these nine PMTs satisfy our needs, except the 
dynamic range. And the test results in the pond are all 
consistent with the results at the laboratory of Beijing.  
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Table 1. The test results for 1 and 1.5-inch PMTs  
PMT HV (V) � gain Uniformity 

(radius<13 
cm) 

Max. Anode 
current 
(mA) 
(Nonlinearit
y<±5%) 

Cathode 
linearity 
scale (Npe) 

R11102 982.3 8.17±0.05 0.50�106 6.91% 70.6 10~104.5 
ET9903kB 1599.1 6.83±0.03 0.44�106 17.06% 96.0 10~104.6 
R1924A 787.5 7.88±0.03 0.73�106 >20% 22.8 2.5~6.4�103

 
 

Table 2. The test results for all 8-inch PMTs of engineering array. 
PMT SN HV (V) beta P/V Non-Linearity Rate (kHz) 
SD2585 1266 7.98 2.50 820 1.01 
SD2602 1265 8.48 2.39 934 1.92 
SD2538 1164 8.05 4.68 745 0.52 
SD2514 1213 8.01 3.53 680 0.94 
SD2580 1279 8.43 2.76 730 0.65 
SD2586 1248 7.83 4.30 730 1.41 
SD2559 1132 7.92 5.84 625 0.95 
SD2576 1215 7.88 3.30 620 1.01 
SD2590 1273 7.77 3.50 764 0.83 
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